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A ﬂash is visually perceived to be lagging behind a
moving object, even though physically both are in regis-
ter at the time of the ﬂash (ﬂash-lag eﬀect, Nijhawan,
1994).
In a recent paper, Kanai and co-workers (2004) pub-
lished a number of new and interesting experiments con-
cerning this eﬀect. They interpreted their results as
challenging inﬂuential models according to which the
lag eﬀect depends on diﬀerential latency, motion extrap-
olation or postdiction. Their experimental paradigm was
the so-called ﬂash-terminated condition. In this condi-
tion, the moving object stops and at the same time the
ﬂashed object is presented, aligned with the moving
one. The question they ask is whether the perceived po-
sition of the moving object overshoots its actual (physi-
cal) position or not (Fig. 1).
I shall show that the results of Kanai and co-workers
can be derived from two well-known phenomena, cue-in-
duced visual focal attention and metacontrast. The results
are consistent with interpretation of the ﬂash-lag eﬀect
as a consequence of these two mechanisms (attention/
metacontrast concept of ﬂash-lag eﬀect, Kirschfeld &
Kammer, 1999). A new interpretation as suggested by
the authors seems not to be necessary.2. Cue-induced focal attention
When a dot is presented as a cue and some 50 ms
later a line is shown along with the dot, the line ap-
pears to expand gradually to its full size (Hikosaka,
Miyauchi, & Shimojo, 1993; Steinmann, Steinman, &
Lehmkuhle, 1995). The interpretation: the dot creates
a focus of attention which has a centre-surround orga-
nisation, develops over 10–150 ms, and extends over
several degrees on the retina, decreasing with increasing
distance from the cue. If a second object is presented
within the focus of attention, say 50 ms after the dot,
it is perceived with shorter latency, and also with
increased intensity (Kirschfeld & Kammer, 2000). The
movement illusion results from the fact that the0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.07.010latency-shortening eﬀect is less pronounced for the part
of the line which is further away from the dot, because
there attention is lower.3. Metacontrast
Perceived intensity of a visual stimulus is reduced
when a second stimulus is subsequently presented in
close spatial proximity. This phenomenon is called
metacontrast (Rev. Breitmeyer, 1984). In addition, the
inhibited object is seen with increased latency (Kirsch-
feld & Kammer, 2000).4. Consequences for moving objects
If an object is moving, both these mechanisms come
into play: the moving object acts as a cue to the position
it will occupy next. Hence, when moving with adequate
velocity (depending upon the dynamics of attention and
metacontrast), it will be perceived with shorter latency,
and, under adequate conditions, increased intensity. In
addition, the moving object acts as a mask for trailing
signals, thus suppressing these signals. This is the
‘‘deblurring’’ eﬀect of metacontrast in the case of mov-
ing objects. The situation can be summarised schemati-
cally as shown in Fig. 2A: a moving object develops a
bow wave of attention which precedes the moving ob-
ject, and a wake of opposite polarity (metacontrast)
which trails it (Kirschfeld & Kammer, 1999). This is
somewhat similar to the model suggested by Kanai
and coworkers (2004, their Fig. 9 and here Fig. 2B),
but there are diﬀerences which will be explained in Sec-
tion 7.5. Consequences for motion of blurred objects
One interpretation of the ﬂash-lag eﬀect is that the
moving bar in the ﬂash-lag paradigm is perceived with
shorter latency and therefore appears at a diﬀerent posi-
tion compared to a ﬂashed bar (Kirschfeld & Kammer,
1999; Purushothaman et al., 1998; Whitney & Muraka-
mi, 1998). According to this concept, in the ﬂash-termi-
Fig. 1. Visual stimuli as used by Kanai et al. (2004). The left panel
illustrates the physical stimulus, the right panel what observers
perceive. Fp, ﬁxation point. On top the moving bar is shown, at the
bottom the stationary ﬂashed bar. The triangle in the left panel was not
shown to observers but illustrates only how the angular distance of the
centre of the moving bar from the ﬁxation point has been calculated.
A
B
Fig. 3. Intensity distributions of blurred objects on the retina, and how
their perception is modiﬁed by motion. (A) A blurred object having
Gaussian intensity distribution (thick curve) moves to the right.
Therefore its perceived intensity increases on the right due to visual
focal attention, and decreases on the left due to metacontrast (arrows).
As a consequence the maximal perceived intensity is shifted to the right
(thin curve, arrowheads indicate the intensity maxima). (B) Intensity
distribution of the blurred objects (Gaussians) as used in the
experiments by Fu et al. (2001). Halfwidths of the Gaussians were 2
and 4. The degrees of extrapolation found with the two blurred
objects are indicated by the dot (Hw 2) and the square (Hw 4).
Fig. 2. Schematic diagram of the processes thought to lead to
extrapolation. (A) The attention/metacontrast concept. The vertical
bar represents neurons activated by the moving bar. The open arrow
indicates the direction of motion of the bar. A wave of visual focal
attention harries the moving object, a wake of metacontrast trails it
(after Kirschfeld & Kammer, 1999). (B) The spatial uncertainty
concept. If positional information at motion oﬀset is poor, the neural
basis of the positional percept is no longer dominated by the position
signal corresponding to the position of the moving stimulus M
(modiﬁed from Fig. 9E in Kanai et al., 2004).
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as shown in Fig. 1, right), and it does not in fact occur
if the moving object, usually a bar, has sharp contours.
If the bar is blurred, however, an extrapolation of the
bar has been described (Fu, Shen, & Dan, 2001). The
attention/metacontrast concept of the ﬂash-lag eﬀect
provides an explanation of this ﬁnding. The bow wave
of attention and the trailing wave of metacontrast mod-
ify the perceived intensity distribution of the blurred
moving object (thick line in Fig. 3A): the portion point-
ing in the direction of motion will appear to be intensi-
ﬁed, the trailing portion suppressed (arrows in Fig. 3A).
What results is a skewed intensity distribution (thin line
in Fig. 3A). This gives the impression of an extrapola-
tion, because the maximum of the perceived intensity
is shifted into the direction of motion (arrowheads).
The skewing eﬀect, however, does not correspond to
an extrapolation in the strict sense, because the skewed
intensity distribution does not overshoot the physical
border of the blurred object. There is merely a modiﬁca-
tion of the perceived intensity distribution, and in this
regard the phenomenon can be called pseudo-
extrapolation.Why is a bar with sharp contours not modiﬁed equiv-
alently? This becomes clear if we consider the function
of metacontrast in moving objects, namely deblurring.
If, e.g., a dot is moving rapidly enough, it appears
blurred as a motion streak. As has been shown by Burr
(1980), if the moving dot is presented for increasing
durations, the streak initially becomes longer, but if
the moving dot is presented for more than 30 ms, the
streak becomes progressively shorter as presentation
time increases. This suppression of the motion streak,
or deblurring, is the consequence of metacontrast, as fol-
lows. The motion streak is produced by trailing signals
that have been triggered by the dot, which without met-
acontrast would gradually decrease within 120 ms. The
persistence of these signals is shortened by metacontrast,
which thereby reduces motion smear. The signals sup-
pressed by metacontrast are relatively weak, because
they are a relict of the originally stronger excitation. If
a bar is blurred, metacontrast is capable of suppressing
the trailing, low-intensity portion of the moving blurred
bar, because it—like a motion streak—is of low-intensi-
ty. And attention can enhance perception of the leading
portion of the blurred bar, because here also signals are
relatively weak, they are far from saturation, and if they
fall in the bow wave of attention, generated by the high-
intensity part of the blurred bar, they can increase and
be perceived with higher intensity. That such an increase
of perceived intensity happens has been shown experi-
mentally: if a dot is preceded by a surrounding ring
within a time span of 25–75 ms, the dot is perceived with
higher intensity (Kirschfeld & Kammer, 2000). If a bar
with sharp contours is moved, the deblurring can aﬀect
trailing parts of excitation, but there will be no increase
of perceived intensity at the leading edge: here intensity
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cation is only small. A shift of the intensity distribution
as illustrated in Fig. 3A (thin curve) therefore is expect-
ed only for a blurred bar. As will be shown later, a mod-
iﬁcation of the perceived intensity distribution may
occur with a bar having sharp contours if the contrast
of the bar is very low.6. Consequences for bars that are presented in the retinal
periphery
Kanai and coworkers (2004) found an extrapolation
similar to the one described by Fu et al. (2001) if a sharp
bar is presented not foveally but to the periphery of the
retina. The attention/metacontrast concept predicts the
eﬀect these authors have observed. The reason is that
a bar presented in the retinal periphery becomes blurred
by the optics of the eye: it cannot be seen with sharp
borders.
The width of the bar presented by Kanai, Sheth, and
Shimojo (2004) was 0.265 or 15.9 arc min (their exper-
iment 1). The centre of the bar in the stop position was
presented at an angular distance of 6.8 from the fovea.
This distance can be calculated from the triangle drawn
in Fig. 1 and from the data given in the paper. Curve 1
in Fig. 4 shows the intensity distribution of the bar,
curve 2 the point-spread function, as measured on the
human retina. Originally, the point-spread function
was measured in the human fovea at a pupil size of
3 mm, which is the case close to highest acuity (Campell
& Gubisch, 1966). The half-width (double arrows)
found was 1.3 min. In textbooks (e.g., Rodieck, 1998),
we can read that the angular resolution at an angular
distance of 6.8 has declined to somewhat below 0.3.
The point-spread function at the angular distance of
6.8 from the fovea can be estimated by taking the re-
duced angular sensitivity into account. To do so we have
to increase the half-width of the line-spread function by
a factor of 1/0.3 = 3.33 compared to that measured fov-
eally, which gives a half-width of 4.3 min. This line-
spread function has been included in Fig. 4, curve 2.Fig. 4. Blurring of objects presented at a distance of 6.8 from ﬁxation
point. Curve 1: intensity distribution of the bar used in experiment 1 by
Kanai et al. (2004). Curve 2: line-spread function 6.8 from ﬁxation
point. Curve 3: blurring of the intensity distribution of the bar as
calculated by means of the line-spread function curve 2.To obtain the intensity distribution of the bar at
6.8 in the periphery, we convolved curve 1 with curve
2 (Fig. 4) and arrived at curve 3. As one can see, the
bar is considerably blurred at this peripheral angular
position. This degree of blurring, however, is too small
to explain the result by Kanai and co-workers on the
basis of the concept developed above, because they
found an extrapolation by 24 min in the direction of
movement. This obviously is beyond the border of
the blurred bar (curve 3), and therefore seems to ex-
clude the explanation by the attention/metacontrast
concept.
But we have to take into consideration that the
estimate in Fig. 4 (curve 3) for several reasons is a
lower bound. The main reason is that the calculation
assumed a pupil size of 3 mm. The pupil is so small
only at rather high ambient light intensities (illumina-
tion at some 100 lx). In the ﬂash-terminated experi-
ments, it most likely was rather dark, because the
luminance of the type of monitors used in their exper-
iments is limited (data are not given in the paper by
Kanai et al.), so that to assume a pupil size of 5–
6 mm would be more appropriate. At 6 mm, the
line-spread function at the fovea has a half-width
not of 1.3 but of 2 min. Data on acuity in the periph-
ery of the retina at wide pupil diameters seem not to
be in the literature, so we cannot get a reliable esti-
mate of the degree of blurring in the experiments of
Kanai and co-workers. Another factor which prevents
a realistic estimate of the blurring eﬀect is that the bar
moved in the experiments, which means that it chan-
ged its angular position and the degree of blurring
during the motion.
Data are more precise in the case of the paper by Fu
and co-workers (2001). They give the half-width of their
blurred target (a Gaussian pattern) and the degree of
extrapolation they determined experimentally. Their
data have been redrawn in Fig. 3B. As one can see,
for a Gaussian of half-width 2 the extrapolation they
found in the mean was 0.3 (circle); for a more severely
blurred pattern, a Gaussian of half-width 4, they found
in the mean 1.5, with error bars as also indicated in
Fig. 3B. Both are well within the limits of the physical
intensity distributions of the moving Gaussians, and
therefore within the range expected from the attention/
metacontrast concept.7. Discussion
There are a number of arguments favouring the view
that the data published by Kanai in principle can be ex-
plained by the attention/metacontrast concept of the
ﬂash-lag phenomenon.
To test how far the concept favoured here applies, we
analysed in addition the diﬀerent types of experiments
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sults ﬁt into this concept. They are only mentioned here
without detailed explanation, as their applicability is
self-evident.
1. The extrapolation is greater, the more peripherally
the moving bar is presented.
2. If the ﬂashed bar is presented in the far periphery, the
extrapolation eﬀect is weaker than it is when the mov-
ing bar is presented in the far periphery. The opposite
applies to the moving bar.
3. The extrapolation eﬀect is present if the moving bar
disappears with the end of motion, but the eﬀect dis-
appears when the moving bar stops and stays present.
4. The eﬀect is independent of the presentation time of
the ﬂash.
5. An extrapolation eﬀect can be observed even if the
moving bar is presented close to the fovea, provided
that the contrast of the bar is below 0.05.
There are a number of other observations by Kanai
and coworkers which are not predicted by the atten-
tion/metacontrast concept, such as the following:
1. The ﬂash-lag eﬀect is diﬀerent in the dorsal and ven-
tral parts of the retina.
2. There is a diﬀerence for centrifugal and centripetal
movement.
3. The degree of extrapolation is modiﬁed when the
moving bar in every experiment moves on the same
path, but the ﬂash is presented at diﬀerent distances
from the moving bar when it stops.
The reasonwhy these eﬀects cannot be predicted by the
attention/metacontrast conceptmost likely has to dowith
our lack of knowledge about howcue-induced focal atten-
tion and metacontrast vary over diﬀerent parts of the ret-
ina. And, furthermore, how they interact when two
objects are presented in diﬀerent spatial relationships.
If we compare the model as suggested by Kanai and
co-workers with our own (Fig. 2), there are similarities
but also diﬀerences. In both cases, a moving object gen-
erates an excitatory bow wave (forward spread of excit-
atory activity, and hence of visual focal attention), and
an inhibitory trailing wake.
There are two diﬀerences:
In the model shown in Fig. 2B, the forward-spreading
excitatory activity acts on neurons as does a stimulus,
and is capable of exciting neurons to a degree that leads
to perception. By this means true extrapolation is possi-
ble (Fig. 2B). According to the model in Fig. 2A, a visu-
al object generates two diﬀerent types of signals—one
type leads to perception, and the other comprises two
mechanisms (attention and metacontrast), with diﬀerent
temporal characteristics (they are slower and last longer;
Kirschfeld, 1996). These latter signals by themselves donot induce perception; they are not detected unless an
additional stimulus is given. If a dot is presented, it gen-
erates a focus of attention, but this focus of attention by
itself is not seen. To demonstrate its existence, a second
stimulus has to be given; this stimulus then appears dif-
ferent (with shorter latency and higher intensity) than it
does in a situation without prior attention. Equivalent
arguments apply to metacontrast (longer latency, lower
perceived intensity). Attention and metacontrast are
subthreshold signals (with respect to perception); they
only modulate perception of newly presented stimuli.
This model allows only pseudo-extrapolation, as deﬁned
above.
The second diﬀerence concerns the way the two mod-
els come into action.
In Fig. 2A model, the moving bar in the end position
appears blurred due to the eyes optical parameters, but
in every trial is seen at the same position. Because of this
blurring, the mechanisms of attention and contrast can
modify perception as described above.
In Fig. 2B model, the end position of the moving ob-
ject (at the time of the ﬂash) is not seen at the same po-
sition in every trial, but there is a probability
distribution of positional estimates (see Fig. 9C in the
paper by Kanai et al). This probability distribution, be-
cause of the forward spread of the excitatory activity, is
not symmetrical relative to the moving objects physical
end position, but extends into the direction of move-
ment. Only in the mean, then, does there appear to be
an extrapolation (Fig. 2B).
In the currently available ﬁndings there seem to be no
data that allow a discrimination between the two mod-
els. It is obvious, however, that the sharp bars which
in Figs. 9B–E of the paper by Kanai et al. represent
the moving object, in reality on the retina are blurred
as illustrated here in Fig. 4.
One can think of experiments that in principle might
allow discrimination between these models. In both of
them, an object creates an environment of enhanced
excitability which, when the object moves, becomes
skewed. If in an experiment a stationary dot is ﬂashed
onto the retina with increasing intensity, in the case of
the Fig. 2A model the perceived size of the dot should
stay constant, because the created focus of attention is
not seen. In the case of Fig. 2B model, the seen dot is
predicted to become larger with increasing intensity, at
least if one assumes that the spread of the excitatory
activity increases with increasing intensity of the dot:
at a suﬃciently high intensity this excitatory activity
might become suprathreshold and be perceived.
One could also try to directly measure the distribu-
tion of estimated positions if bars are ﬂashed repeatedly
at the same position. The distribution should be narrow
in the case of Fig. 2A model and wider in Fig. 2B model.
But probably the eﬀects would not be large enough for a
successful experiment.
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by Nijhawan (1994) predicts that when a continuously
moving bar suddenly reverses direction, the bar is
expected to be seen as overshooting the reversal point.
Whitney and Murakami (1998) tested this prediction.
They did not ﬁnd such an overshoot; indeed, they found
that the moving bar appeared to change motion direc-
tion half a degree before it arrived at the physical angu-
lar position of reversal. This is what is expected from the
attention/metacontrast concept of the ﬂash-lag eﬀect:
the bar is not seen at the point of reversal, because its
perception is suppressed by metacontrast, due to the
bars movement in the opposite direction. The eﬀect is
related to the Fro¨hlich eﬀect: here also a moving bar is
not seen at the beginning of its path, a phenomenon
which also has been interpreted as a consequence of
metacontrast (Kirschfeld & Kammer, 1999).
It seems worthwhile to mention that an equivalent
concept (called priming and backward masking) to that
suggested here has been discussed by Sheth, Nijhawan,
and Shimojo (2000) to interpret their ﬁndings on the
temporal relationships between an object with continu-
ously changing parameters and a ﬂashed object with a
particular parameter.
In summary, the concept of cue-induced visual focal
attention and metacontrast as responsible for the ﬂash-
lag eﬀect qualitatively explains the general phenomena
described byKanai and co-workers. This concept further-
more is in agreement with a number of ﬁndings they ob-
tained under diﬀerent experimental paradigms. Even if a
quantitative modelling of their data by this concept is
not yet possible, because the degree of blurring under their
experimental conditions is not suﬃcientlywell known, the
advantage of this model is that it is based on known
mechanisms and circumvents the need to introduce a
new concept such as spatial uncertainty in perception.Acknowledgments
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